Abstract: This study compares the aquaponics Nile tilapia (Oreochromis niloticus)-pak choi (Brassica chinensis) system with and without a bacterial biofilter (BF and NBF) in a tropical location. The aim was to determine whether a semi-intensive aquaponics system NBF could offer a production alternative for small-scale farmers in this region, both technically and biologically. The Tilapia aquaponics culture was continuously recirculated and water was added (influent) and removed (effluent) from the plant aquaponics culture every 24 h. Total ammonia nitrogen (TAN) and nitrite nitrogen (NO 2 − -N) were analysed in the plant aquaponics culture influent and effluent. At the end of the experiment the individual fresh total weight, dry total weight, edible weight, height and diameter of the pak choi plants were measured. None of the pak choi variables showed significant differences between treatments. TAN and NO 2 − -N were higher in the NBF influent than in the BF influent. TAN and NO 2 − -N in the effluent of both treatments were similar and lower than in the influent. The plant aquaponics culture therefore works as a biofilter and the NBF aquaponics system could be used for small-scale farmers in the tropics, with easier management and less costs than a BF aquaponics system.
Introduction
The rural population is highest in countries in intertropical regions [1] , and most of them are in the categories of developing economies and least developed countries [2] . For these populations, agriculture is the main source of income and employment. In order to improve their diet these populations need to change from a subsistence diet to one with good nutritional value [3] .
Eco-efficiency in the simplest of terms is about achieving more with less [4] , by using the available resources more efficiently in order to improve sustainable productivity and increase the food available [5] . Eco-efficiency can be increased either by altering the management of an individual crop and livestock enterprise or by altering the land-use system [6] , for example, diversifying farm production. According to Tscharntke et al. [7] the agriculture practiced under smallholder farmer-dominated landscapes, rather than large-scale farming, is the backbone of global food security in the developing world.
One way to introduce farm diversification is through aquaponics, which is the combined culture of fish and plants in the same system. The nutrients for the plants come from compounds excreted by the fish as a product of their metabolism and from the bacterial decomposition of organic waste (faeces and uneaten feed). This, together with the reuse of water, makes aquaponics systems an eco-efficient alternative. In aquaponics systems a bacterial biofilter is usually included [8] [9] [10] [11] [12] [13] , however several experiments have been carried out without a microbial biofilter [14, 15] . To our knowledge, no work has been carried out to compare an aquaponics system with and without a bacterial biofilter.
Bacterial biofilters are important components in Recirculating Aquaculture Systems (RAS). As a final product of protein catabolism, fish excrete toxic ammonia through their gills. In water, ammonia nitrogen exists in two forms, ionised ammonia nitrogen (NH 4 + -N) and unionized ammonia nitrogen (NH 3 -N), which together are known as total ammonia nitrogen (TAN); the proportion of these depends on salinity, temperature and pH [16] . Through the process of nitrification, carried out by bacteria of the genus Nitrosobacter and Nitrosomas, TAN is converted first to nitrite (NO 2 − ), which is toxic to fish, and then to nitrates (NO 3 − ), which are relatively harmless to fish. In the culture tanks nitrification takes place spontaneously but slowly. For this reason, in intensive RAS, a biofilter with bacteria that increase the nitrification potential is required [9, 17] .
In hydroponic culture the compound most commonly used as a source of nitrogen is NO 3 − [18] .
However, plants can assimilate NH 4 + -N under high radiation and therefore high photosynthesis [19] .
In intertropical areas, the direct assimilation of NH 4 + -N by plants is possible due to the high solar radiation (daily average of 400 langleys).
As an example, Yucatan, Mexico is located in the tropics and semi-intensive tilapia (Oreochromis spp.) culture systems have been installed in rural areas as a complementary activity for small-scale rural farmers who receive governmental support. One of the obstacles for the economic success of the farms has been the inadequate transfer of technology [20] and the low price of tilapia. In contrast, pak choi (Brassica chinensis) is an oriental vegetable that grows well in tropical regions and its local market price is higher (approximately 3.5 dollars/kg) than lettuce (0.5-1.5 dollars/piece) which has a similar harvest time of 30 days. Since the aquaponics system is a source of vegetables and fish, it could provide a more varied diet for the farmers and encourage farm diversification, which is recommended for development [21, 22] . The implementation of simple aquaponics systems could help provide rural communities with food security and might work as a first step towards the sustainable intensification of aquaponics systems in the region. In this area, the development of simple aquaponics systems without a biofilter might be a better option than a system with a biofilter, since the level of technical knowledge required to manage these systems is lower than that required for systems with biofilters. Therefore, the aim of this study was to investigate whether a semi-intensive NBF aquaponics system could offer a production alternative for small-scale farmers in this region.
Materials and Methods
The experiment was carried out at the Aquaculture Research Station CINVESTAV-Merida, in Yucatan, Mexico and lasted 28 days. Two aquaponics installations were used to test two treatments; one with a trickling biofilter (BF) and the other without a bacterial biofilter (NBF).
Experimental System
In each treatment, the tilapia aquaponics culture component (Figure 1 ) included two circular fiberglass tanks for fish culture with a volume capacity of 1 m 3 . Each treatment had two fish weight groups one smaller (BFs and NBFs) than the other (BFb, NBFb). The system also includes a sedimentation tank (S), a reserve tank that fed the water pump (R2) and an elevated tank (ET), which in the case of the BF treatment worked as a biofilter (B). Each fiberglass tank was filled with 0.75 m 3 of water and both tanks were connected. Water from these aquaculture tanks flowed through a 75 mm diameter tube to the rectangular 1 × 1.6 × 1 m sedimentation tank. Water from the sedimentation tank passed to a 1 × 1 × 1 m reserve tank (R2) and was then sent to the 1 × 1 × 1 m elevated tank, which in the case of the BF treatment works as a biofilter, using a 1/2 hp water pump. Water from the elevated tank or biofilter (depending on the treatment) then flowed through 38 mm diameter tubes to the culture tanks. When necessary, water from the elevated tank or biofilter was sent to the reserve tank R3 and then to the plant aquaponics culture. The biofilter used in the BF treatment was a trickling biofilter and was built with polyethylene corrugated tube and tarred nylon fishing net; these materials were chosen since they are accessible to local farmers. The medium for bacteria fixation was 12.7 mm diameter high density polyethylene corrugated tube that has a calculated specific surface area of 680 m 2 /m 3 . The polyethylene corrugated tube was cut into pieces of 25.4 mm in length and these were suspended over the water column in tank B, for the BF treatment, using the tarred nylon fishing net. A total of 200 linear metres of this tube was used, which represents a total volume of 0.063 m 3 and a total surface area of 42.73 m 2 . In the biofilter, taking into count the walls, the surface area available for bacteria fixation was 43.73 m2 and in the treatment without the biofilter it was only 1.6 m 2 .
The floating bed technique was used in the plant aquaponics culture component (Figure 1 ), which included two reserve tanks (R1 and R3), a 1/2 hp water pump and four trapezoidal fiberglass plant aquaponics culture tanks (A). elevated tank or biofilter (depending on the treatment) then flowed through 38 mm diameter tubes to the culture tanks. When necessary, water from the elevated tank or biofilter was sent to the reserve tank R3 and then to the plant aquaponics culture. The biofilter used in the BF treatment was a trickling biofilter and was built with polyethylene corrugated tube and tarred nylon fishing net; these materials were chosen since they are accessible to local farmers. The medium for bacteria fixation was 12.7 mm diameter high density polyethylene corrugated tube that has a calculated specific surface area of 680 m 2 /m 3 . The polyethylene corrugated tube was cut into pieces of 25.4 mm in length and these were suspended over the water column in tank B, for the BF treatment, using the tarred nylon fishing net. A total of 200 linear metres of this tube was used, which represents a total volume of 0.063 m 3 and a total surface area of 42.73 m 2 . In the biofilter, taking into count the walls, the surface area available for bacteria fixation was 43.73 m2 and in the treatment without the biofilter it was only 1.6 m 2 . The floating bed technique was used in the plant aquaponics culture component (Figure 1 ), which included two reserve tanks (R1 and R3), a 1/2 hp water pump and four trapezoidal fiberglass The plant aquaponics culture tanks were placed in a shade net house, 5 × 12 m with a height of 3.5 m. The lateral walls were protected with an anti-aphid net and the roof was made of shade net with 30% sunlight reduction, a UV light stabiliser and antioxidants to provide a UV photoprotection system.
System Operation
The water flux through the fish culture was continuous while in the plant aquaponics culture it was intermittent ( Figure 1 ). As the plant aquaponics culture tank´s size was small, the influent and effluent of these would show no measurable difference between them if the flux was continuous. In The plant aquaponics culture tanks were placed in a shade net house, 5 × 12 m with a height of 3.5 m. The lateral walls were protected with an anti-aphid net and the roof was made of shade net with 30% sunlight reduction, a UV light stabiliser and antioxidants to provide a UV photoprotection system.
The water flux through the fish culture was continuous while in the plant aquaponics culture it was intermittent ( Figure 1 ). As the plant aquaponics culture tank´s size was small, the influent and effluent of these would show no measurable difference between them if the flux was continuous.
In order to be able to observe differences, every 24 h [23] water in the plant aquaponics culture tanks was exchanged as follows: for each treatment the effluent from the plant aquaponics culture tanks (A) was flushed by gravity to the reserve tank (R1). This was done to prevent the water that had been in the plant aquaponics culture component for 24 h from mixing with the water that had been in the recirculation of the fish culture system for 24 h, because the fish culture water would be introduced as influent in the plant aquaponics culture. Once the plant aquaponics culture tanks were empty, water was distributed from the elevated tank (B) by gravity to R3 (which was empty) and sent to the plant aquaponics culture tanks (A), where it remained with no recirculation for 24 h. Finally, water from R1 was mixed again with the fish culture water. This process lasted approximately half an hour, but the roots remained without water for less than 5 min.
Experimental Conditions
The experimental integrated systems were operated with fish in them for 4 months prior to the initiation of the trial when the systems were flushed and fresh water was added, thus theoretically the bacterial population was established. The plants used were pak choi, which were kindly provided by "Centro Regional Universitario de la Península de Yucatán de la Universidad Autónoma Chapingo (CRUPY)", and these were transplanted to the aquaponics system 21 days after being sown. Eight plant aquaponics culture tanks, with a density of 20 plants/m 2 , were used in the experiment, four tanks in each treatment to provide replicates.
At the beginning of the plant culture and in both treatments (BF and NBF), 1 mL of micronutrient stock solution of [24] , kindly provided by CRUPY, was added to each 10 L of water. The same amount was used when the system was refilled or when a micronutrient deficiency was visually detected [19] . At the end of the culture cycle the individual total fresh weight, total dry weight, edible weight (leaf and stalks), leaf height and stem basal diameter of five plants in each plant aquaponics culture tank were measured. Plants were dried in an oven at 68 • C for 76 h to obtain total dry weight and dry leaf and stalk weight. Yield (weight/m 2 ) was calculated using the average obtained per replicate.
Fish were produced at the Aquaculture Research Station, CINVESTAV-Mérida. Since monosex culture using males is common practice in tilapia farms (because the female growth is less), 46 male tilapia were introduced in each treatment two weeks before plants were transplanted into the system. The initial biomass in each treatment was established considering the daily fish food consumption in an attempt to obtain an initial daily feed input of 224 g. This daily food input is based on the optimum fish food/plant growing area ratio of 56 g/m 2 obtained by Al-Hafedh [14] , taking into account that we had four square meters of plant growing area. In each treatment, the initial biomass (BF and NBF) was 7.69 kg. Given the availability of fish, and based on weight, the fish were distributed between two tanks in each treatment (Figure 1): one with 22 fish with an average weight of 122 g (BFs and NBFs for the BF and NBF treatment respectively), and another with 24 fish with an average weight of 208 g (BFs and NBFs for the BF and NBF treatment respectively). Fish were fed three times daily with commercial formulated feed (32% crude protein). The daily feeding rate was restricted to a percentage of the biomass in each tank, decreasing with tilapia growth (from 3.2% to 2.3%) based on the feed provider's recommendation. Every two weeks all the fish were weighed individually and the amount of feed was adjusted to their biomass. The average weight of the fish in each tank was calculated and this, together with the number of fish and the provider's feeding tables, were used to calculate the amount of daily food for each tank.
Water Quality and Toxic Nitrogen Compounds
Temperature, dissolved oxygen (DO), pH and conductivity were measured daily in the plant aquaponics culture tanks between 9:00 and 10:00 h, after water was exchanged. Temperature, DO and conductivity were measured with a YSI model 85 digital meter and pH with a multiparameter 35 Series Oakton Eutech instrument. The same parameters were measured in the aquatic tanks twice a week (Monday and Thursday) between 8:30 and 9:30 h.
To analyse TAN and NO 3 − -N concentrations, commencing at the end of the first week, water samples were collected weekly between 9:00 and 10:00 h from the plant aquaponics culture tanks after the water had been exchanged (influent) and 24 h later before water was removed (effluent). TAN was analysed in the Marine Chemistry Laboratory at CINVESTAV using the phenol method, and NO 3 − -N was analysed in the Aquaculture Laboratory at CINVESTAV by colourimetry (APHA, 1992) with a Technitron autoanalyzer II and processed using the New Analyser Program (NAP) software. Average concentrations of NH 3 -N from the plant aquaponics culture tanks' influent and effluent were calculated using the equations (Equations (1) and (2)) proposed by Emerson et al. [16] .
where,
where, f = fraction of total ammonia that is un-ionized pKa = dissociation constant from Equation (1)
Statistical Analyses
On one side of the greenhouse there were two tree trunks that provided some shade in the afternoon, hence a randomized complete block design with four blocks (B1, B2, B3 and B4) was applied. In this experimental design, the aim was to identify whether there is any difference among the effects of the different treatments, not whether there is any difference due to the blocks or the interaction between treatments and blocks. Due to the experimental design, differences in-plant growth variables and water quality parameters, between treatments, were analysed with a two-way ANOVA providing a significance level of at least 0.05. For dry weight and humidity, the Friedman test, with a significance level of at least 0.05, was used due to the lack of data normality. Since for all variables and parameters the block effect was not significant, it was neglected. A one-way ANOVA, with a significance level of at least 0.05, was therefore used to test only the treatment effect for plant growth variables and water quality, and a Kruskal-Wallis test, a significance level of at least 0.05, for dry weight and moisture.
To compare between the treatments with and without a biofilter, fish weight, TAN and NO 2 − -N were analysed using the Two-Sample t-test for independent samples, with a significance level of at least 0.05. The exception was the weight group b final fish weight, where the Mann-Whitney test for independent samples, with at least 0.05 significance level, was used due to lack of normality. NH 3 -N was also analysed with the Mann-Whitney test for independent samples, a significance level of at least 0.05, due to the lack of data normality. To compare TAN and NO 2 − -N in the plant aquaponics culture between influent and effluent, a Paired sample t-test was applied. The Wilcoxon Signed-Rank test was used to compare NH 3 -N between the influent and the effluent, with a significance level of at least 0.1 due to sample size. A Paired samples t-test, with at least 0.05 significance level, was applied to normally distributed data to compare the TAN and NO 2 − -N concentration between the influent and the effluent and between consecutive weeks, and a Wilcoxon Signed-Rank test was applied with a significance level of 0.1, due to sample size, for data that lacked with normality.
Results

Pak choi and tilapia Production in Aquaponics Systems
Plant survival was 100% in both treatments. Pak choi plants attained commercial size in both treatments (average height greater than 30 cm) and all growth parameters showed no significant difference between treatments, F 1,6 = 1.08 × 10 −3 , p = 0.97 for final fresh weight; H 4,4 = 0.08, p = 0.89 for final dry weight; H 4,4 = 1.33, p = 0.34 for moisture; F 1,6 = 0.03, p = 0.87 for fresh weight edible portion; F 1,6 = 0.49, p = 0.51 for average leaf height and F 1,6 = 0.04, p = 0.84 for average stem basal diameter (Table 1) . Pak choi yield was 5.10 kg/m 2 in NBF and 4.98 kg/m 2 in BF. Fish survival was 100% in both treatments. Final weight was significantly different (t 0.05(2),42 = 2.59, p = 0.0065) for the small fish (s) but not for the large fish (b) (t 0.05(2),46 = 1.6, p = 0.2152) ( Table 2 ). For both, small (s) and large (b) fish, a higher value of specific growth rate (SGR) and lower feed conversion ratio (FCR) value were obtained in the BF treatment compared to NBF (Table 2 ). Tilapia final density was 11.28 kg/m 3 in the system with the biofilter and 10.44 kg/m 3 in the system without the biofilter and tilapia yield was 6.16 kg/m 3 in the system with the biofilter and 5.32 kg/m 3 in the system without the biofilter. Different superscript letters denote statistically significant differences between treatments for each weight group (p < 0.01).
Water Quality in Plant Aquaponics Culture and Tilapia Aquaponics Culture Components
In the plant aquaponics culture, the influent aquaponics water quality was significantly different between the treatments with (BF) and without (NBF) a biofilter (Table 3 ). Differences were extremely significant for water temperature (F 1,6 = 83.86, p = 0.0001), highly significant for D.O. (F 1,6 = 62.54, p = 0.0002) and conductivity (F 1,6 = 29.59, p = 0.0016), and significant for pH (F 1,6 = 7.21, p = 0.0363) between the treatments.
In the BF treatment, influent pH and D.O. were higher and conductivity and temperature were lower than in the NBF treatment. In contrast, there was only a very highly significant difference in the effluent water between systems for conductivity (F 1,6 = 222.94, p < 0.0001), with lower values for BF. Different superscript letters denote statistically significant differences between treatments (p < 0.05).
In the tilapia aquaponics culture, only the average values of water quality parameters of each treatment are presented in Table 4 . Values in the table are the average during the experiment obtained from mean values from both tanks (small fish and large fish tanks) from each treatment (Figure 1 ). The analyses of toxic nitrogen compounds, in the influent and effluent of plant aquaponics culture, revealed that average NO Table 5 ). Average NH 3 -N concentrations calculated for the influent were lower (U 0.05(1),4,4 = 10, p = 0.0286) in the system with biofilter compared to the system without biofilter. In the effluent, there were no significant differences between treatments (U 0.05(1),4,4 = 22, p = 0.3429).
TAN and NO 2 − -N in the plant aquaponics culture tanks differed throughout the study (Figure 2 ). 
Discussion
Pak choi and tilapia Production in Aquaponics Systems
Despite the fact that the mean environmental temperature during the experiment (28.03 °C, obtained from the CINVESTAV meteorological station) exceeded the range proposed by Stephens [25] for pak choi culture of 15-21 °C, the pak choi plants in both treatments (with and without a biofilter) reached commercial size in 30 days, which is a shorter culture time than the 40-84 days previously reported [26] [27] [28] [29] . Heights were within the range of 20-50 cm [30, 31] and individual weights within the range of 225-260 g [31] . The pak choi humidity was also similar to the value reported by the US Department of Agriculture [32] (95.32%). Pak choi productivity in both treatments was higher than that reported in other aquaponics studies [33] [34] [35] and was within the range of 0.5 to 7 kg/m 2 for soil culture [28] . This may be because the response of different plant varieties to environmental temperature can vary [25] . There are also reports of pak choi grown successfully in aquaponics systems between 21.6-30.4 °C [33] , and in hydroponic systems under greenhouse conditions between 34 and 45 °C [36, 37] of environmental temperature. This suggests that the environmental temperature during the experiment was appropriate for pak choi development. Thus, the study demonstrates that pak choi aquaponics culture in a tropical location is viable.
In tilapia aquaponics culture, the feeding conversion rate obtained in both treatments (see Table  2 ) was within the 1.4-1.8 range reported in previous aquaponics studies for fish with similar initial weights to those of the current study [8, 14, 17] . Furthermore, a higher specific growth rate was obtained than that reported for fish with an initial similar weight to those of the current study (0.7%) [14] , therefore, tilapia aquaponics culture may be considered successful in both treatments. 
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Water Quality in Plant Aquaponics Culture and Tilapia Aquaponics Culture Components
In the influent, differences between water parameters for the treatments with and without a biofilter (see Table 3 ) were probably a consequence of the system's orientation or the trickling biofilter. Temperature and D.O. may have been affected by the system's orientation since the fish tanks in the treatment without a biofilter had a concrete wall next to them, which acted as a barrier against cooling during the night. In contrast, the fish tanks in the treatment with a biofilter did not have such a barrier, resulting in lower temperatures and higher oxygen concentrations. Another possible reason for this is the way the water falls over the bacteria fixing medium in trickling biofilters, which puts the water in contact with air, leading to oxygenation of the water, the release of CO 2 and cooling. Furthermore oxygen is inversely related to temperature, thus it is logical that if the water temperature was lower in the treatment with a biofilter than in the treatment without one, the D.O. was higher in the former than the latter. Lower levels of conductivity and higher pH values in the treatment with a biofilter than in the treatment without a biofilter, may be due to the biofilter. The trickling biofilter allows more CO 2 to be eliminated than in the elevated tank from the treatment without a biofilter [38] . This raises the pH level and increases the CO 3 concentration, which leads to CaCO 3 precipitation and reduces the ion quantity in the solution and therefore the conductivity [39] .
In the effluent, there was no significant difference for almost all the water parameters, with the exception of conductivity, which was higher in the treatment without a biofilter than in the treatment with a biofilter, which was also the case in the influent. These similarities prove that the plant aquaponics culture component in a system without a biofilter is able to achieve the same water quality as a system with a biofilter, the exception being conductivity.
To our knowledge there are no specific reports on optimum dissolved oxygen levels and hydroponic solution temperature for pak choi. However, Remy et al. [36] reported a hydroponic solution temperature of 27 • C for pak choi culture using a RAFT system, which is similar to the water temperature in the current study (see Table 3 ). In this study (see Table 3 ) pH and conductivity were outside of the recommended range for pak choi culture [18, 19, 40] . In both treatments, in the plant aquaponics culture the aquaponics solution pH was higher than that previously reported of 5.5-6.5 for pak choi in hydroponic systems [8] . A pH value of 8.5 can limit nutrient availability (N, Bo, Fe, Mn, Cu and Zn) but does not inhibit growth [9] . When visible Fe deficiencies appeared, the micronutrient was added and this enabled the pak choi to grow with no signs of any other deficiencies and without having to decrease the solution pH. Recommended conductivity for hydroponic cultivation is within the 1500-4000 µS/cm range [9, 40] , however the levels observed in the current study were lower than this. In both treatments, even with a lower conductivity and higher pH than recommended, pak choi growth was successful. In aquaponics systems, it is common for conductivity to be lower and pH values to be higher than those recommended for hydroponics [41] [42] [43] [44] .
In the tilapia aquaponics culture tanks, the water quality parameters (pH, DO and temperature, see Table 4 ) were within the recommended range for the healthy growth of tilapia [45] . As we previously stated, culture performance was within the reported ranges for the feeding conversion rate and specific growth rate [8, 14, 17] .
Water quality is a major economic and environmental issue in developing countries [46] ; aquaculture may harm the environment by releasing organic effluents or disease treatment chemicals into the standing waters. Efforts to reduce these impacts and improve resource use efficiency have been driven by the potential increase in sustainability that could come from using waste from the land as a source of food and nutrients [47] , as is the case in aquaponics.
In the current experiment, the lower levels of TAN and NO 2 − -N in the presence of a biofilter, compared to when one was absent (see Table 5 ), prove that the biofilter has a nitrifying action.
In the treatment without a biofilter, the higher average concentrations for TAN and NO 2 − -N in the influent, and lower concentrations in the effluent, indicate that the system's plant aquaponics culture was effective in regulating both toxic compounds over the four weeks of the study. This study also demonstrated the capacity of the plant aquaponics culture to assimilate these toxic nitrogen compounds, proved by the lower concentrations in the effluent than in the influent. This may have occurred because pak choi is able to assimilate ammonia NH 4 + -N as a source of nitrogen [18] and might even prefer it over nitrate NO 3 − [36] .
Through the trial, TAN removal or transformation (due to nitrification) was more evident in the treatment without a biofilter than in the treatment with a biofilter (see Table 5 and Figure 2 ). This was because the TAN concentration in the treatment with a biofilter was lower since the biofilter transforms it first to NO 2 − -N and then to NO 3 − -N. Meanwhile, NO 2 − -N removal through the research was similar in both treatments, with higher concentrations in the influent than in the effluent during the last three weeks. In the first week, the concentration was probably higher in the influent than in the effluent due to the fact that the the bacterial population was not yet established in the plant aquaponics culture tanks. Ammonia is one of the most critical water quality parameters in intensive tilapia culture [48] . A concentration of 2 mg/L of TAN has been reported as toxic [49] , with negative effects on tilapia growth due to chronic exposure reported above 0.1 mg/L of NH 3 -N [50, 51] . In the case of NO 2 − -N, Atwood et al. [52] found that for tilapia the LC 50 was 8 mg/L NO 2 − -N after 96 h and, according to
Yildiz et al. [53] , the concentration of NO 2 − -N which causes methaemoglobin to increase in tilapia is within the range of 0.50-1.38 mg/L. Such levels were not reached in the current study, which could be due to the biofilter and system surface area (which works as a bacteria fixing medium) in the treatment with a biofilter, and to the system surface area and the plant aquaponics culture component in the treatment without a biofilter. In both treatments, another factor that contributed to the prevention of toxic levels of nitrogen compounds being reached was the semi-intensive tilapia stocking density.
Since the quantity of NH 3 -N and NO 2 − -N released by the fish was relatively low, the accumulation rate was also low. Small fish (s) in the treatment without a biofilter were more sensitive to higher concentrations of ammonia and nitrites than the large ones (b) (see Table 2 ), thus the results suggest that this kind of system would be more appropriate for fish in the final culture stage.
In an aquaponic system without a biofilter, in tropical areas and under semi-intensive fish culture conditions, the plant aquaponics culture reduced ammonia and nitrite concentrations to the same level as the concentrations of an aquaponic system with a trickling biofilter. For semi-intensive production systems, hydroponic tanks were able to retain and transform toxic nitrogen compounds and function as a biofilter. In the treatment without a biofilter the plant aquaponics culture and surface area was also sufficient for maintaining ammonia and nitrite below toxic levels for fish over a 4-week growth period without the need of a biofilter. This larger area for bacteria fixation in the BF treatment was the reason behind the lower levels of toxic nitrogen compounds recorded in this treatment.
Considering the high removal of TAN and nitrites by the plant aquaponics culture in the NBF treatment, the aquaponics system should be tested with a permanent flow through the plant aquaponics culture. In such systems TAN and NO 2 − -N levels might be lower, because the constant flow will prevent them from accumulating, and tilapia growth may be similar with or without a biofilter, however trials are needed to prove this.
Conclusions
The production of commercial-sized plants four weeks after their introduction to a semi-intensive aquaponics fish culture, demonstrates an efficient use of wastewater from fish culture. The quantity of food produced was similar to that reported for pak choi and tilapia cultures grown separately. These outcomes suggest that a semi-intensive aquaponics system without a biofilter is an ecologically sustainable way to produce food. Results also demonstrated that it is possible to establish an eco-efficient tilapia-pak choi aquaponics system without a bacterial biofilter as a food production alternative for the small-scale rural farmers of Yucatan or other tropical locations.
